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INTRODUCTION

The kinetics of aromatics oxidation and growth are studied using ab initio
quantum chemistry methods, RRKM calculations, and detailed kinetic modeling. This
work is motivated by both fundamental and practical considerations. While significant
advance has been made in the understanding of the oxidation kinetics for aliphatic
hydrocarbon combustion, comparatively fewer studies have been conducted on
aromatics.!? Such a disparity in emphasis is expected because of the significantly more
complex nature of the aromatic kinetics. It is also obvious that since most practical fuel
blends consist of large amounts of aromatics, satisfactory modeling and manipulation of
the combustion processes would not be possible without a quantitative description of
their oxidation kinetics. Such a concern is further substantiated by recognizing the role
of aromatics kinetics in engine knock,3 in soot production,d-12 in the emission of
polycyclic aromatic carcinogens,!3 in fullerene synthesis,!4 and in fuel-cell
technology.15.16

Previously, a detailed kinetic model of benzene and toluene oxidation has been
proposed by Emdee, Brezinsky, and Glassman,? on the basis of flow-reactor experiments
at the temperatures between 1100 to 1200 K and at atmospheric pressure. Benzene
oxidation at high temperatures was further examined through detailed kinetic modeling.
Several kinetic models have been proposed and tested against experimental data,
including the species profiles in the burner-stabilized low-pressure benzene flame!’-19 of
Bittner and Howard,20 and the laminar flame speeds of benzene-air and toluene-air
mixtures.!9.21.22 t was shown that the proposed models predicted reasonably well each
individual set of the experimental data, but a comprehensive and physically justifiable
model, which is capable of closely predicting all the available experimental data, is still
lacking.

The aim of this work is to develop a comprehensive kinetic model of aromatics
oxidation and mass growth in combustion. In this article, we report a preliminary Kinetic
model, which describes the high-temperature oxidation of benzene and toluene.
Numerical results are present and compared to experimental data from previous flow
reactor,? flame20.2! and shock-tube studies.23

METHODOLOGIES

Quantum Chemical Calculations

We employed Pople's G2 method?4 and its simplified versions25-29 for the
calculations of the thermochemical data, including enthalpy of formation, entropy and
heat capacity for the relevant molecular and radical species, and the potential energy
surface of chemical reactions. Isodesmic reactions0 are used to determine the enthalpy
of formation. The transition-state structures are initially optimized with the spin-
unrestricted Hartree-Fock (UHF) method, employing the split-valence 3-21G basis set.
The structures were further optimized at the HF/6-31G(d) level and refined at the
UMP2(full)/6-31G(d) level. In all calculations, we employed the analytical gradient
procedure and the combined Synchronous Transit and Quasi-Newton (STQN) method.3!
The vibrational frequencies were obtained from the geometries optimized at the
UMP2(full}/6-31G(d) level of theory.

Rate Coefficient Calculations

Many elementary reactions of aromatics are chemically activated, involving the
stabilization and isomerization of the hot adduct. The rate coefficients of these reactions
are not known and are determined in the present study using the RRKM method.3233
The RRKM parameters, including the vibrational frequencies and rotational constants of
the reactants and transition states, are obtained from the quantum chemical calculations.
Details of the RRKM computer code are documented elsewhere.34

Detailed Kinetic Modeling

A detailed kinetic model of benzene and toluene oxidation at high-temperature is
compiled. The model consists of 65 species and 340 elementary reactions. The reaction
kinetics of C; and C; species are based on the GRI-Mech (version 1.2).35 For large
species, the reaction pathways and rate coefficients are obtained from literature data
(e.g., ref 36). Many rate parameters are analyzed using the RRKM methods in our
previous studies,??-38 as well as in the present work.

Calculations of the laminar flames are carried out using the Sandia Chemkin-II39
and Premix?® codes. The reverse rate coefficients are computed via equilibrium
constants. While the thermochemical data of cyclopentadiene and cyclopentadiene

113




derivatives are obtained through quantum chemical calculations, others are taken from
ref 35, and from the compilation of Burcat and McBride.4! .

RESULTS

The first step during the oxidation of the aromatics is the disintegration of the
aromatic ring structure. This is followed by the oxidation of the resulting products to
CO and finally to CO;. Previous studies22! show that the initial oxidation of benzene
leads primarily to phenol and phenoxyl, followed by the formation of cyclopentadiene
and the cyclopentadienyl radical. The disintegration of the cyclic structure occurs at the
stage when the Cs species are oxidized. It was found that the oxidation of the Cs
species is often the bottle neck during benzene oxidation. Here, we examined the
reaction pathway and analyzed reaction rate coefficient for one of these bottleneck
reactions, i.e., the thermal decomposition of cyclopentadienone

¢-CsH4O — products .

Figure 1 presents the energy diagram of the above reaction. The rate coefficients
computed using the RRKM are shown in the inset. It is seen that unlike the previously
proposed pathway, the minimum energy path leads to cyclobutadiene, which may
subsequently isomerize to vinylacetylene, or it may dissociate to acetylene.

Figure 2 presents the comparison of the experimental? and computed
concentration profiles of selected species during benzene oxidation in a flow reactor at
1100 K and with the equivalence ratio equal to 0.67. It is seen that the present kinetic
model predicts very well the concentrations of benzene, CO, acetylene, and
cyclopentadiene. The model tends to underpredict the concentration of phenol. Figure
3 presents the comparison of species profiles during toluene oxidation at 1190 K and
with the equivalence ratio equal to 1.33. Again, the major species profiles, including
toluene, CO, benzene, phenol, benzaldehyde, methane, and acetylene are predicted well.

Figure 4 shows the comparison of the experimental2! and computed laminar flame
speeds of benzene- and toluene-air mixtures at atmospheric pressure. It is seen that the
kinetic model predicts slightly larger flame speeds than the experimental data for
benzene. However, the variation of the flame speed on the equivalence ratio is nicely
predicted.

The experimental and computed major and minor species profiles are presented in
Figure 5 for a burner-stabilized benzene-oxygen-argon flame at 20 torr.20 It is seen that
the model predicts very well the variation of the major species profile as a function of
distance from the burner. The model also predicts well the shape and magnitude of such
minor species as the H atom and the OH radical.

In Figure 6, we plot the experimental?? and computed ignition delay time of a
benzene-oxygen-argon mixture at a pressure of 2.5 atm. The present kinetic model
appears to overpredict the data slightly, but the variation of the ignition delay on
temperature is well reproduced.

DISCUSSION

We have shown that a detailed kinetic model of benzene oxidation can account
for the main features of benzene and toluene oxidation under a variety of combustion
conditions. Recognizing, however, that many practical combustion devices operate at
elevated pressures, it is essential to extend the predictive capability of the model to high
pressures as well. Because of the variation of the reaction pathways and rate
coefficients as a function of pressure, low-pressure models usually fail when they are
used for prediction at high pressures. The inherent reason is that many reactions
involving the aromatic species are chemically activated, involving the competition of
collisional stabilization and dissociation/isomerization of the hot adduct. For example,
the reaction between the cyclopentadienyl and the OH radical initially leads to a
vibrationally excited cyclopentadienol, which may be stabilized by collision with other
molecules, or it may dissociate to the singlet cyclopentadienylidene + H,O or ¢-CsH4sOH
+ H. Unlike the reaction pathways at low pressures, the stabilization process becomes
favorable at elevated pressures. The change in the reaction product often means a
change in the overall fuel destruction routes.

While it is often difficult to obtain reliable fundamental combustion data at
elevated pressures, reliable extrapolation of the reaction rate coefficients is now possible
with the recent advances in quantum mechanical methods and reaction rate theories.
These methods can be and should be used for the further refinement and extrapolation
of the base model developed in the present study.

CONCLUSION

A detailed kinetic model of benzene and toluene oxidation is developed. It is
shown that the kinetic model predicts reasonably well the available experimental data of
benzene and toluene oxidation in flow reactors, flames, and shock tubes.




Acknowledgment The work utilized the computer system Power Challenge Array at the National
Center for Supercomputing Applications, University of Illinois at Urbana-Champaign.

REFERENCES

(1) Brezinsky, K. Prog. Energy Combust. Sci. 1986, 3, 1.

(2) Emdee, J. L.; Brezinsky, K.; Glassman, L. J. Phys. Chem. 1992, 96, 2151. .

(3) Sawyer, R. F. Twenty-Fourth Symposium (International) on Combustion; The
Combustion Institute: Pittsburgh, 1992, pp. 1423-1432.

(4) Haynes, B. S.; Wagner, H. Gg. Prog. Energy Combust. Sci. 1980, 7, 229.

(5) Calcote, H. F. Combust. Flame 1981, 42, 215.

(6) Homann, K. H. Twentieth Symposium (International) on Combustion; The
Combustion Institute: Pittsburgh, 1984, pp. 857-870.

(7) Bittner, J. D.; Howard, J. B. in Soot in Combustion Systems and its Toxic
Properties; Lahaye, J.; Prado, G. Eds.; Plenum: New York, 1983.

(8) Bockhorn, H.; Fetting, F.; Wenz, H. W. Ber Bunsenges. Phys. Chem. 1983, 87, 1067.

(9) Frenklach, M.; Warnatz, J. Combust. Sci. Technol. 1987, 5, 265.

(10) Frenklach, M.; Wang, H. Twenty-Third Symposium (International) on Combustion;
The Combustion Institute: Pittsburgh, 1991, pp. 1559-1566.

(11y Howard, J. B. Twenty-Third Symposium (International) on Combustion; The
Combustion Institute: Pittsburgh, 1991, p. 1107.

(12) McKinnon, J. T.; Howard, J. B. Twenty-Fourth Symposium (International) on
Combustion; The Combustion Institute: Pittsburgh, 1992, pp. 965-971.

(13) Longwell, J. P. Nineteenth Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh, 1982, pp. 1339-1350.

(14) Howard, J. B., Twenty-Fourth Symposium (International) on Combustion; The
Combustion Institute: Pittsburgh, 1992, pp. 933-946.

(15) Otsuka, K.; Yamanaka, I.; Hosokawa, K. Nature, 1990, 697.

(16) Otsuka, K.; Furuya, K. Electrochim. Acta 1992, 37, 1135.

(17) Lindstedt, R. P.; Skevis, G., Combust Flame 1994, 99, 551.

(18) Zhang, H.-Y.; McKinnon, J. T. Combust. Sci. Technol. 1995, 107, 261.

(19) Tan, Y. W.; Frank, P. Twenty-Sixth Symposium (International) on Combustion; The
Combustion Institute: Pittsburgh, in press.

(20) Bittner, J. D.; Howard, J. B. Eighteenth Symposium (International) on
Combustion; The Combustion Institute: Pittsburgh, 1980, p. 1105. .

(21) Davis, S. G.; Wang, H.; Brezinsky, I.; Law, C. K. Twenty-Sixth Symposium
(International) on Combustion; The Combustion Institute: Pittsburgh, in press.

(22) Lindstedt, R. P.; Maurice, L. Q. Combust. Sci. Technol. 1996, 120, 119.

(23) Burcat, A.; Snyder, C.; Brabbs, T., NASA Technical Memorandum 87312, 1986.

(24) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. J. Chem Phys. 1991, 94,
7221.

(25) Curtiss, L. A.; Raghavachari, K.; Pople, I. A. J. Chem Phys. 1993, 98, 1293,

(26) Smith, B. J.; Radom, L. J. Phys. Chem. 1995, 99, 6468.

(27) Mebel, A. M.; Morokuma; Lin, M. C. J. Chem. Phys. 1995, 103, 7414.

- (28) Bauschlicher, C. W., Ir; Partridge, H. J. Chem. Phys. 1995, 103, 1788.

(29) Wang, H; Brezinsky, K. J. Phys. Chem. in press.

(30) Hehre, W. J; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am. Chem. Soc. 1970, 92,
4796.

(31) Peng, C.; Schlegal, H. B. Isr. J. Chem. 1993, 33, 449.

(32) Robinson, P. J.; Holbrook, K. A. Unimolecular Reactions, Wiley: New York, 1972.

(33) Gilbert, R. G.; Smith, S. C. Theory of Unimolecular and Recombination Reactions;
Blackwell Scientific: Oxford, 1990.

(34) Wang, H.; Frenklach, M. J. Phys. Chem. 1994, 98, 11465.

(35) Frenklach, M.; Wang, H.; Goldenberg, M.; Smith, G. P.; Golden, D. M.; Bowman, C.
T.; Hanson, R. K.; Gardiner, W. C,; Lissianski, V. GRI-Mech~An Optimized Detailed
Chemical Reaction Mechanism for Methane Combustion; GRI Technical Report
No. GRI-95/0058, November 1, 1995.

(36) Baulch, D. L.; Cobos, C. J.; Cox, R. A,; Frank, P.; Hayman, G.; Just, TH.; Kerr, J. A.;
Murrells, T.; Pilling, M. J.; Troe, J.; Walker, R. W.; Warnatz, J. Combust. Flame, 1994,
98, 59. :

(37) Wang, H.; Frenklach, M., J. Phys. Chem. 1994, 98, 11465.

(38) Wang, H.; Frenklach, M., Combust. Flame 1997, 110, 173.

(39) Kee, R.J.; Rupley, F.M.; Miller, J.A., Sandia Report SAND 89-8009B; Sandia
National Laboratories: Albuquerque, New Mexico, 1989.

(40) Kee, R. J; Grcar, J. F.; Smooke, M. D.; Miller, J. A., Sandia Report SAND85-8240
UC4; Sandia National Laboratories: Albuquerque, New Mexico, 1985.

(41) Burcat, A.; McBride, B. 1997 Ideal Gas Thermodynamic Data for Combustion and
Air-Pollution Use; Technion Aerospace Engineering (TAE) Report # 804, 1997,

115




r TS4 1S3
[ 88.7
o T2 gs6
. 80
[o]
£ 70E TS1 o 79.7
E i 64.4 «CO
.!
= 60}
S
- B 13
& S0t
4 50.6
qc,) F 0t - -
& 40| + =~ icydoTiHO - cyeloCHy + COUB)
W N ~
4 r - -~
£ 30+ 10 =~
° L :\102: Tt eyeGH,0 - oeloC 1, + €O A7)
o 20} Lt =
L ° |
ok b cyoC,H,0- bicyswLH,0 (18
10} w2k
0: 12 104 b
0 N S . IS
04 113 08 10 12
1000 K/T

Figure 1. Energy diagram and the rate coefficients (p = 1 atm) computed for the thermal
decomposition of cyclopentadienone.
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Figure 2. Experimental? and computed species profiles for benzene oxidation (0.14% CgHs-
1.62% O,-Nj, the equivalence ratio ¢ = 0.67) in a flow reactor at 1100 K and 1 atm pressure.
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Figure 3. Experimental? and computed species profiles for toluene oxidation (0.162% C7Hs-

1.094% 0,-N3, the equivalence ratio ¢ = 1.33) in a flow reactor at 1190 K and 1 atm pressure.
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Figure 4. Experimental2! and computed laminar flame speed of benzene- and toluene-air mixture

at 1 atm pressure.
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Figure 5. Experimental?® and computed species profiles in a burner-stabilized laminar premixed
flame, burning a 13.5% benzene-56.5 % O3-Ar mixture at 20-torr pressure.
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Figure 6. Experimental23 and computed ignition delay time for a 1.69% benzene-12.675% O,-Ar

mixture at ps = ~2.5 atm.
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